Abstract Groundnut (Arachis hypogaea L.) is an important oilseed crop grown in more than 100 countries across wide range of environments. Frequent occurrence of drought is one of the limiting factors adversely affecting groundnut productivity, especially in rainfed areas, and hence genotypes having high water use efficiency (WUE) under limited available water need to be developed. In groundnut, WUE is correlated with SPAD chlorophyll meter reading (SCMR) and specific leaf area (SLA). These two traits, SCMR and SLA, can be used as surrogate traits for selecting for WUE. In order to improve SCMR and SLA, and in turn WUE in groundnut, a good knowledge of the genetic system controlling the expressions of these traits is essential for the selection of the most appropriate and efficient breeding procedure. The present investigation was conducted to determine the gene action controlling the inheritance of SCMR and SLA in two crosses, ICG 7243 9 ICG 9418 and ICG 6766 9
Introduction
Groundnut (Arachis hypogaea L.) is valued throughout the world for high quality edible oil and easily digestible protein in its seeds. Globally, it is cultivated on 23.4 million ha with annual production of 34.9 million metric tons and an average yield of 1.5 tons ha -1 (Food and Agriculture Organization 2007) .
Groundnut is grown extensively in about 108 countries with over two-thirds of the global output coming from seasonally rainfed areas of tropical, subtropical and warm regions of the world. The productivity of groundnut in rainfed areas is considerably lower than the global average and still lower as compared to its productivity in the better-endowed regions where it is grown on commercial scale. Availability of water is considered to be the major yield limiting factor in groundnut, not only in rainfed areas where drought occurs at regular intervals, but also in those regions where it is grown commercially. Therefore, breeding drought tolerant cultivars is an important objective in most groundnut genetic enhancement programs. However, the non-availability of reliable and rapid tools to screen drought related traits is the major obstacle in the progress of genetic improvement for drought tolerance in groundnut (Rucker et al. 1995) . The model presented by Passioura (1986) outlined yield as a function of water transpired (T), water use efficiency (WUE) and harvest index. Numerous studies have noted considerable variation in WUE among plants including groundnut (Martin and Thorstenson 1988; Virgona et al. 1990; Ehdaie et al. 1991; Nageswara Rao et al. 1993; Ebdon et al. 1998; Shashidhar 2002) ; however, WUE is not an easy trait to measure and thus difficult to use as a selection criterion in breeding programs. Recently, a number of easily measurable traits having high correlation with WUE have been identified as surrogates. One among them is carbon isotope discrimination, which shows consistent negative correlation with WUE in a wide range of crop species including groundnut (Farquhar et al. 1982; Hubick et al. 1986; Nageswara Rao et al. 1993; Wright et al. 1988; Martin et al. 1999; Shashidhar 2002) . However, its utility as a selection criterion has been limited as this requires specific facilities for carbon isotope discrimination analysis and is hardly available in groundnut growing developing countries. Moreover, it is expensive and not feasible when large number of germplasm accessions and segregating populations are to be analyzed (Lal et al. 2005) . Traits which have practical advantage over carbon isotope discrimination as a surrogate for WUE, are specific leaf area (SLA) and soil plant analysis development (SPAD) chlorophyll meter reading (SCMR). Wright et al. (1994) , Nageswara and Jayalakshmi et al. (1999) reported positive correlations between SLA and carbon isotope discrimination, and a negative correlation with WUE over a wide range of cultivars and environments in groundnut, suggesting that SLA can be used as a surrogate measure of WUE in groundnut. The SCMR has been used effectively to determine leaf nitrogen content non-destructively in a number of crops including maize (Chapman and Barreto 1997) , barley (Araus et al. 1997) , tobacco (Mackown and Sutton 1998) and groundnut (Nageswara ). Nageswara reported significant and high interrelationship among SLA, SLN (Specific leaf nitrogen), and SCMR. Bindu Madhava et al. (2003) reported a strong positive relationship between SCMR and WUE in groundnut. Nageswara and Bindu Madhava et al. (2003) suggested that SCMR could be used as a reliable and rapid measure to identify genotypes with low SLA or high SLN (and hence high WUE) in groundnut. Upadhyaya (2005) used SCMR and SLA as surrogate traits for assessing WUE in groundnut mini core germplasm collection (Upadhyaya et al. 2002) and reported negative correlation between SCMR and SLA.
Our previous work on evaluation of mini core collection of groundnut for SCMR and SLA has shown significant repeatable genotypic variation among 184 entries (85 hypogaea, 58 vulgaris, 37 fastigiata, two peruviana, and one each of aequitoriana and hirsuta) for both the traits measured at two stages (Upadhyaya 2005) . The broad sense heritability estimates have been reported to be high for SCMR and medium for SLA, suggesting that genetic variation and heritabilities are high enough in groundnut to effectively select for SCMR and SLA as surrogates for WUE. Jayalakshmi et al. (1999) reported high estimate (0.50) of narrow sense heritability for SLA. The exploitation of genetic variability through breeding requires a good knowledge of the genetic system controlling the expression of these traits. There are only four published reports on the genetic control of SLA in groundnut (Jayalakshmi et al. 1999; Nigam et al. 2001; Lal et al. 2005; Suriharn et al. 2005) while there is only one such study for SCMR in groundnut (Lal et al. 2005) . Based on diallel analysis, Jayalakshmi et al. (1999) and Lal et al. (2005) and based upon generation mean analysis Suriharn et al. (2005) and Nigam et al. (2001) reported predominance of additive gene effect in the control of SLA in groundnut. Lal et al. (2005) reported preponderance of additive gene action in the inheritance of SCMR.
The primary objective of this study was to estimate the relative importance of additive and non-additive gene effects in controlling the variation in SCMR and SLA at two developmental stages in the two crosses of groundnut. The estimation of gene effects of drought related traits at various stages would be helpful in formulating appropriate breeding strategies for developing groundnut varieties capable of performing better under water limiting environments.
Materials and methods

Experimental materials
Four genotypes, ICG 6766, ICG 7243, ICG 9418 and Chico were selected for the present study based on the screening of groundnut mini core for drought related traits (SCMR and SLA) during 2001 rainy and 2001-02 post-rainy seasons (Upadhyaya 2005 Crosses were assigned to main plots and generations to subplots within each main plot. The plot size was a 3-m long single row on a ridge in a ridge-furrow system for parents and F 1 hybrids, two rows for backcross generations and 10 rows for F 2 populations. Row to row distance was 60 cm and plant-to-plant distance within a row was 10 cm. The experiment received 60 kg ha -1 P 2 O 5 as basal dose, 400 kg ha -1 gypsum at the time of flowering (50 days after sowing DAS) and 12 irrigations of 50 mm water each. Seeds were treated with ethrel @ 0.5% (2-chloroethylphosphonic acid) before sowing in order to avoid the possible effects of post harvest seed dormancy. Sowing was done by hand and care was taken to ensure uniform depth of planting at 5 cm depth. The crop was protected from weeds, diseases, and insect pests. The SPAD chlorophyll meter (SPAD-502, Minolta Crop., Ramsey, NJ, USA) readings (SCMR) were recorded at equivalent cumulative thermal times (CTT, measured in degree days,°C d, 10°C as base temperature) (Rao et al. 1992 ) of 1000°Cd (equivalent to 60 DAS in the rainy season) and 1270°Cd (equivalent to 80 DAS in the rainy season at ICRISAT). The CTT was estimated by the following formula:
where T max = daily maximum temperature, T min = daily minimum temperature, T base = mean base temperature for groundnut, P = planting date, and H = harvest date. Two SCMRs were recorded on each of the four leaflets of the tetrafoliate leaf. Only one fully expanded second or third leaf from the apex of the main axis of all the available plants was used to record the SCMR at 60 and 80 days after sowing (Nageswara . While recording the SCMR, care was taken to ensure that the sensor of SPAD meter fully covered the leaf lamina and that the interference from veins and midribs was avoided. After recording the SCMR, the detached leaves were processed by soaking in water for 2 h to bring to full turgor for SLA measurement. The leaf area of the four leaflets was measured with a leaf area meter (LI-COR Area Meter Model 3000, LI-COR Inc., Euphytica (2011) 177:55-66 57 Lincoln, NE, USA) after which the leaves were oven dried at 80°C for at least 48 h to determine the leaf dry weight. SLA was calculated as follows:
Generation mean analysis Analysis of variance was conducted for SCMR and SLA using GenStat 10.0 mixed linear model assuming replications as random and generations as fixed factors. Data on SCMR and SLA recorded at two stages were examined for the segregation pattern in F 2 and when data did not fit to qualitative gene inheritance, they were subjected to quantitative genetic analysis. For each of the two crosses, individual plant data on SCMR and SLA were summarized as means, variances, ranges and estimated standard errors of the means for each of their six generations: P 1 , P 2 , F 1 , F 2 , BC 1 P 1 and BC 1 P 2 as well as of their reciprocal generations. The means and ranges of F 1 , F 2 and backcross generations were compared with their reciprocals to examine the maternal effect, if any. In case of non-significant reciprocal differences, the data were pooled for the generation means analysis. Means of SCMR and SLA recorded at two different stages and between six generations in each cross were compared using t test. The generation means were used to perform simple scaling test (Mather and Jinks 1982) and fitting digenic interaction models. The scaling test is based on the assumption that generation means depend only on the additive and dominance effects. To test these assumptions, four types of tests based on statistics: A, B, C, and D were used. The joint scaling test (Cavalli 1952) as described by Mather and Jinks (1982) was used to obtain information on the nature of gene effects involved in the genetic control of drought-related traits. The parameters estimated were mean (m), pooled additive [d] and pooled dominance [h] gene effects and three types of gene interactions, pooled additive 9 additive [i], pooled additive 9 dominance [j] and pooled dominance 9 dominance [l] epistatic effects. These parameters were estimated by weighted least square method. The purpose of using weights is to account for differential precision with which means of different generations are estimated by virtue of different sample size. The weights were calculated as the inverse of variance of generation means. All possible 32 models developed from including or excluding one or more of the five parameters (d, h, i, j, and l) with m were fitted using a general linear model set-up in Genstat software (Payne 2009 ). First of all those models which showed insignificant deviation compared with a tabulated chisquare (P [ 0.05) were considered for selection. Of these, the model that showed the smallest deviation was selected. In case of nearly equal mean deviation for two models, a model with smaller number of parameters were considered and also the sequence of model terms for selection was taken as m, d, h, i, j and l. The standard errors for each of the six parameters were estimated and the significance of each parameter was tested using t test.
For the models selected, we evaluated the relative importance of the gene effects in terms of sums of squares due to each parameter adjusted for the effects of the remaining parameters of the model. Thus, these contributions are representing the direct effects of the genetic parameters under consideration. This approach differs from that of Nigam et al. (2001) where contribution of the parameters were considered in the sequential sum of squares, in which case the contribution of the parameters following the chosen parameters would get ignored. These direct contributions are presented relative to the all such contributions.
Mid-parent heterosis and inbreeding depression were estimated for individual crosses as the percent deviation of the mean F 1 value from the mid-parent value and its significance was tested using t test. Additive and dominance genetic variances and narrow-sense heritability were estimated by the methods of Warner (1952) . Environmental variance was estimated as per the formula of Wright (1968) . The minimum number of effective factors controlling SCMR and SLA was estimated by the methods of Wright (1921) , Mather and Jinks (1982) and Lande (1981) . All the effective factor formulae assume that segregating genes for SCMR and SLA are located in one parent, all genes have equal effect and no linkage, and there is absence of dominance, epistasis and genotype 9 environment effects (Wright 1968) .
Results and discussion
Cytoplasmic effects
The ANOVA revealed significant differences for mean values of both SCMR and SLA at 60 and 80 DAS among generations in both the crosses (data not shown). Reciprocal differences consistent with cytoplasmic inheritance were not detected for SCMR and SLA at 60 and 80 DAS in both the crosses, ICG 7243 9 ICG 9418 and ICG 6766 9 Chico (Table 1) , suggesting that no maternal factors are involved in their inheritance. Though the F 2 generation of the cross ICG 6766 9 Chico had significant reciprocal differences for SCMR (43.90 in F 2 and 46.60 in reciprocal F 2 ) and SLA (168.79 in F 2 and 157.39 in reciprocal F 2 ) at 80 DAS, it is of only statistical significance as the F 1 and back cross generations of the same cross did not support the maternal inheritance of SCMR and SLA. Lal et al. (2005) , however, reported strong influence of maternal parents in the inheritance of SCMR and SLA in a study involving six-parent diallel. Since all other generations except F 2 in the cross ICG 6766 9 Chico did not show reciprocal differences, it was assumed that maternal factors did not influence the above traits in both the crosses and the data of respective generations were pooled for further analysis.
Developmental stage effects
An examination of mean values of different generations in each cross showed that phenotypic values of SCMR and SLA differed significantly at two developmental stages, except for SLA in ICG 9418, SCMR and SLA in Chico, and SLA in F 1 and BC 1 P 2 of the cross ICG 6766 9 Chico (Table 2 ). The mean of SLA in all the generations decreased significantly when measured at 80 DAS except in the cases where there were no significant differences while SCMR increased significantly as compared to means observed at 60 DAS. The mean SCMR and SLA of Chico did not differ across the stages of measurement. However, ICG 7243 and ICG 6766 showed higher value of SCMR and reduced value of SLA at 80 DAS as compared with 60 DAS. This trend was observed across the generations in both the crosses. However, the pattern was almost same at both the stages. This shows that SCMR and SLA should be recorded between 60 and 80 DAS for screening the germplasm lines for drought tolerance. This period corresponds with the pod filling stage which is most sensitive to drought in groundnut (Nageswara Rao et al. 1985 Rao et al. , 1993 .
Means and variances
Means and their standard errors, variance and range for SCMR and SLA in six generations of two crosses (Table 3 ). In the cross ICG 7243 9 ICG 9418, the mean SCMR of F 1 , F 2 and BC 1 P 2 at 60 DAS tended to be near the mid parent value and the mean SCMR of BC 1 P 1 was close to its recurrent parent, indicating the importance of additive gene action in the inheritance of SCMR at 60 DAS. At 80 DAS, the mean SCMR of the F 1 and BC 1 P 1 was close to the high SCMR parent (ICG 7243) and F 2 mean rested between mid parent value and high SCMR parent suggesting the more pronounced role of dominance effect of high SCMR parent (ICG 7243) in controlling SCMR at 80 DAS. In ICG 6766 9 Chico, at 60 DAS, mean SCMR of the F 1 was close to high SCMR parent (ICG 6766), but F 2 mean tended to be near the mid parent value. Means of the backcross generations were observed close to the means of their respective recurrent parents. At 80 DAS, the mean SLA of F 1 and BC 1 P 1 rested between mid parent and high SCMR parent and F 2 tended to be close to the mid parent. These results indicate the more pronounced role of dominance effect and a less pronounced effect of additive effect of high SCMR parent (ICG 6766) at 60 and 80 DAS. The mean SLA of F 1 , F 2 , BC 1 P 1 and BC 1 P 2 generations was lower than the mid parent value in ICG 7243 9 ICG 9418 at both the stages whereas in ICG 6766 9 Chico, the mean SLA of F 1 and BC 1 P 1 was close to the mid parent value and the mean SLA of F 2 and BC 1 P 2 was higher than the mid parent, reflecting different gene actions operating in the inheritance of SLA in these crosses. These results suggest partial dominance of low SLA (ICG 7243) in the cross ICG 7243 9 ICG 9418 and the importance of additive gene effects controlling SLA in the cross ICG 6766 9 Chico.
The magnitude of variation for SCMR and SLA at 60 and 80 DAS in the segregating generations was much higher than that observed in the corresponding parents and F 1 generations in both the crosses. The maximum variability was observed in F 2 generation for SCMR and SLA at both the stages in both crosses. The SCMR of the F 2 plants ranged from 27.3-55.4 at 60 DAS and 35.3-61.7 at 80 DAS in ICG 7243 9 ICG 9418, and 29.0-53.1 at 60 DAS and 28.0-59.0 at 80 DAS in the cross ICG 6766 9 Chico (Table 3) . In F 2 generation, the range of SLA at 60 DAS was 108.3-247.8 in ICG 7243 9 ICG 9418 and 101.1-225.5 in ICG 6766 9 Chico while SLA at 80 DAS ranged 85.3-253.2 in former cross and 101.9-235.3 in the latter cross. At 80 DAS, the range of variability was increased by 28.6% and 7.2% for SCMR and SLA, respectively in the cross ICG 6766 9 Chico, but was decreased by 6.2% for SCMR and increased by 20.4% for SLA in the cross ICG 7243 9 ICG 9418. Appearance of plants exceeding the limits of both the parents in F 2 (transgressive segregants) and backcross generations indicated dispersal of genes among the parents for both the traits: thus the present study didn't fulfill the assumption for calculating the minimum number of factors controlling SCMR and SLA and provided the biased estimates (data not given). Since all F 2 and backcross generations had normal distribution without the presence of distinct bimodal peaks (non-significant skew and kurtosis), v 2 test was not performed and the traits were treated as quantitative.
Heterosis and inbreeding depression
The estimates of heterosis over mid-parent and inbreeding depression for SCMR and SLA at two stages in two crosses were found non-significant (data not given).
Generation mean analysis
Generation mean analysis indicated different modes of inheritance for SCMR and SLA in the two crosses (Table 4 ). The regression analysis tested different parameters to find the best fit model to explain genetic control of SCMR and SLA at two stages in both the crosses. Mean effects [m] were highly significant for SCMR and SLA in both the crosses at both stages indicating quantitative inheritance of the traits studied. Additive effects were important for SCMR and SLA in both the crosses at both stages (Table 4) . They were positive for SCMR and negative for SLA in the cross ICG 7243 9 ICG 9418 and positive for SLA and negative for SCMR in the cross ICG 6766 9 Chico at both the stages. Negative sign of additive effect merely reflects which of the parents is chosen as P 1 and has no genetic consequences. The dominance effects were important for SCMR and SLA at both the stages in the cross ICG 7243 9 ICG 9418 and for SCMR at 60 DAS and SLA at both the stages in the cross ICG 6766 9 Chico. These results indicate differential importance of dominance effects Table 4 Estimates of scaling test and different parameter models governing inheritance of drought related traits in groundnut for SCMR in these two crosses. The sign of dominance effects is a function of F 1 generation mean value in relation to the mid parent value and it indicates which parent is contributing to the dominance effects. For SCMR at both the stage, the dominance effects were significant and positive in the cross ICG 7243 9 ICG 9418 but were significant and negative for SCMR at 60 DAS in the cross ICG 6766 9 Chico. These results indicated that in the cross ICG 7243 9 ICG 9418, F 1 are more like the increasing parent i.e. ICG 7243 as dominance is controlled by the parent having alleles responsible for high value of the trait whereas in the cross ICG 6766 9 Chico, the dominance effects are contributed by the genes from Chico for SCMR at 60 DAS. For SLA, dominance effects were significant and greater than the additive effects indicating over dominance for SLA in both the crosses at both stages. For SLA, the dominance effects in the cross ICG 7243 9 ICG 9418 at two stages were contributed by the parent having alleles responsible for low value of the trait, i.e. ICG 7243 and was dominant over the other parent ICG 9418 (having increasing effects of alleles). The dominance effects in the cross ICG 6766 9 Chico were contributed by the genes from Chico (Table 4) , as indicated by the sign of the dominance effect [h] . The result of fitting the models indicates that epistasis was present for SCMR and SLA in the two crosses at both stages (Table 4) , although the significance of interactions varies with the trait, cross and the stage. For SCMR at 60 DAS, 'l' type of epistatic interaction was important in both the crosses while at 80 DAS, the epistatic interactions were nonsignificant for both the crosses. For SLA in the cross ICG 7243 9 ICG 9418, l type of epistatic effect was important at 60 DAS and all the three types of epistatic effects, i (-33.25 ± 8.300 * ), j (30.29 ± 8.515 * ) and l (71.44 ± 16.117 * ) were important at 80 DAS in this cross while in ICG 6766 9 Chico, only two types of interactions, i and l were important at both the stages (Table 4 ). The genes controlling SCMR at 60 DAS and SLA at 60 and 80 DAS in both the crosses showed duplicate interactions as reflected by opposite sign of h and l in these cases (Table 4 ) (Mather and Jinks 1982) .
The variability accounted for by the different estimated effects varied in both the crosses for SCMR and SLA (Table 5 ). Additive effects, d, accounted for the largest portion of genetic variability for SCMR and SLA in both the crosses at both stages. The largest contribution of the dominance effect was for SCMR (13.58%) and SLA (13.15%) at 80 DAS in the cross ICG 7243 9 ICG 9418. The i type epistatic effects, which are fixable, accounted for 10.50% variability and j type epistatic effect accounted for 8.28% variability for SLA at 80 DAS in the cross ICG 7243 9 ICG 9418. The largest contribution of the l type epistatic effect was for SCMR at 60 DAS in the cross ICG 6766 9 Chico (Table 5) . In earlier studies, Lal et al. (2005) reported predominance of additive gene effects for SCMR.
The significance of additive effects contributing to SCMR at 80 DAS in both the crosses suggests that effective selection for SCMR could be practiced even in the early generations in both the crosses at 80 DAS.
The magnitude of heterosis was low for SCMR and SLA at both stages in both crosses. Low magnitude of heterosis for SCMR at 80 DAS in both crosses is due to the preponderance of additive gene effects, whereas in rest of the cases, this is because The genetic complexity of developmental behaviour of physiological traits like SLA and SCMR largely enhanced the difficulties in genetic analysis. In the present study, genetic characteristics of physiological traits exhibited great complexity during development, which was represented by the variation of magnitude and significance of the genetic variances. One possible reason might be that polygene system of quantitative traits could have specific expression pattern at different developmental periods. Furthermore, various developmental periods might be controlled by different loci of the polygene system. Wu and Stettler (1994) reported that different QTLs could modify the growth of the Populus. The other reason might be that different position leaves would have effects on the variation of the traits of drought due to different environmental conditions of sunshine, temperature, humidity and so on.
The heritability (broad sense) of SCMR and SLA was appreciably higher at both the stages in both the crosses (Table 6) suggesting that a large portion of total variation could be attributed to genetic factors involving additive as well as non-additive effects. The SCMR and SLA showed high broad sense heritability, which is in agreement with the results obtained by Upadhyaya (2005) . This suggests that simple breeding methods such as hybridization and selection for genetic improvement of these traits may be contemplated. The magnitude of narrow sense heritability was higher in the cross ICG 7243 9 ICG 9418 for SCMR whereas broad-sense heritability of this trait was comparatively higher in the cross ICG 6766 9 Chico, suggesting preponderance of additive genetic variance for SCMR in the former cross and dominance variance in the latter cross. For SLA, narrow sense heritability was high at both the stages for both the crosses, except ICG 7243 9 ICG 9418 at 80 DAS, indicating preponderance of additive genetic variance in the inheritance of SLA. As a general rule, traits defined by a small number of genes show high heritability in early generations, permitting the fixation of distinct genotypes by using a small number of selfing generations (Anand and Torrie 1963) .
Quantitative traits like SCMR and SLA are expected to be influenced to a large extent by environmental effects. Environmental variances, however, accounted for only 20-21% for SCMR at 60 DAS, 16-33% for SCMR at 80 DAS, 11-19% for SLA at 60 DAS and 8-17% for SLA 80 DAS in both the crosses. In a previous study, the estimates of environmental variance were in this range for both the traits (Upadhyaya 2005) , suggesting the importance of genetic effects in the inheritance of these traits.
Conclusions
Overall, in the present investigation, it can be inferred that SCMR and SLA should be recorded between 60 DAS and 80 DAS, which represent the pod filling stage and which is the most sensitive to drought. The SCMR and SLA data recorded at this stage would help to identify the drought tolerant lines and hence to alleviate the drought stress, particularly in the semi arid tropics. Regarding genetic control of SCMR and SLA, duplicate epistasis has been observed in the inheritance of SCMR at 60 DAS in both the crosses and for SLA in both the crosses at both the stages. For SCMR at 80 DAS, the preponderance of additive gene action has been observed in both the crosses. Predominance of additive effect for SCMR at 80 DAS suggested that effective selection could be practiced even in early generations. The importance of dominance effect with duplicate epistasis for SCMR at 60 DAS and SLA at both stages in both crosses indicated that selection and breeding procedures should be modified to exploit this type of nonadditive genetic variance by delaying the selection to later generations.
